Antibiograms and relevant genotypes of Korean avian pathogenic Escherichia coli (APEC) isolates (n ‫؍‬ 101) recovered between 1985 and 2005 were assessed via disc diffusion test, PCR, restriction enzyme analysis, and sequencing. These isolates were highly resistant to tetracycline (84.2%), streptomycin (84.2%), enrofloxacin (71.3%), and ampicillin (67.3%), and most of the tetracycline, streptomycin, enrofloxacin, and ampicillin resistances were associated with tetA and/or tetB, aadA and/or strA-strB, mutations in gyrA and/or parC, and TEM, respectively. Class 1 integrons were detected in 40 isolates (39.6%), and a variety of gene cassettes conferring streptomycin (aadA), gentamicin (aadB), and trimethoprim (dfr) resistances were identified: aadA1a (27.5%), dfrV-orfD (2.5%), aadB-aadA1a (2.5%), dfrI-aadA1a (47.5%), dfrXVII-aadA5 (12.5%), and dfrXII-orfFaadA2 (7.5%). In addition, several types of common promoters (P ant ) of the gene cassettes (hybrid P1, weak P1, or weak P1 plus P2) and single-nucleotide polymorphisms in aadA1a were identified. The results of a chronological analysis demonstrated significant and continuous increases in the frequencies of resistances to several antibiotics (tetracycline, streptomycin, enrofloxacin, ampicillin, and trimethoprim-sulfamethoxazole) and of the relevant resistance genes (tetA, strA-strB, and TEM), mutations in gyrA and parC, and multidrugresistant APEC strains during the period 2000 to 2005.
Extraintestinal infection with avian pathogenic Escherichia coli (APEC) induces colibacillosis in chickens. It is characterized by polyserositis, septicemic shock, and cellulitis and is responsible for enormous economic losses and frequent antibiotic treatment (1, 4, 11, 15) . The spread of antibiotic resistance among bacteria has been recognized as an increasing problem in the veterinary and medical fields, and mobile DNA elements, including plasmids, transposons, and integrons, facilitate the proliferation of resistance genes in bacteria (25, 33) . The class 1 integron has been identified as the most prevalent of the five classes of integrons in clinical isolates and has been associated with multidrug resistance (MDR) in pathogenic bacteria (16, 31) . The class 1 integron acquires resistance genes in the form of gene cassettes via site-specific recombination. Among the same gene cassettes, some nucleotide changes tend to be present, and some of these are shared by other bacteria. Certain of those nucleotide changes can be classified as singlenucleotide polymorphisms (SNPs), and these have proven useful in the fine differentiation of bacterial isolates, as well as in studies of the molecular evolution of class 1 integrons (19, 32) . Gene cassettes lack their own promoters, and their expression levels are affected by their proximity to the common promoter, P ant (P1), the strength of promoter P1, and the presence of P2 (9) . On the basis of promoter activity, P1 promoters can be classified as strong, hybrid, or weak promoters, and the insertion of 3 guanosines 119 nucleotides downstream of P1 results in the creation of a new, weak promoter, designated P2 (9, 13, 22) . Thus far, integron studies have focused primarily on the contents of gene cassettes and have largely overlooked their common promoter structures (19) .
Tetracyclines, streptomycin, enrofloxacin, and ampicillin are commonly utilized to treat diseases and promote growth in livestock animals. Although resistances to various antibiotics, including these compounds, have clearly increased, the relevant resistance genes in Korea remain to be elucidated thoroughly. Therefore, we have attempted to characterize the class 1 APEC integrons isolated between 1985 and 2005 with regard to their gene cassettes as well as their promoters and have delineated the relationships between tetracycline, streptomycin, enrofloxacin, ampicillin, trimethoprim-sulfamethoxazole (SXT), and gentamicin resistances and the relevant genes (tetA, tetB, strA-strB, gyrA, parC, and TEM). Additionally, the frequencies of certain resistance genes and antibiograms were compared chronologically.
MATERIALS AND METHODS

Bacteria.
One hundred one APEC isolates were recovered from Korean chickens suffering from colibacillosis between 1985 and 2005 ( Table 1 ). All of the APEC isolates were identified using VITEK gram-negative identification (GNI) cards (bioMérieux Vitek, Hazelwood, MO). Once identified, the isolates were preserved at Ϫ70°C in LB broth containing 20% glycerol (vol/vol) until further studies.
Antimicrobial susceptibility testing. All isolates were tested for their susceptibilities to seven antimicrobial agents (Table 2 ) via disc diffusion assay according to CLSI (formerly NCCLS) guidelines (27) .
Detection of class 1 integrons by PCR. Total APEC DNA was extracted with a G-spin genomic DNA extraction kit (for gram-negative bacteria; iNtRON Biotechnology Co., Seongnam, Korea) in accordance with the manufacturer's instructions. All isolates were evaluated for the presence of class 1 integrons using the 5ЈCS-3ЈCS primer set (23) . PCR was conducted as described previously (20) .
RESULTS
Antimicrobial susceptibility. The highest frequencies of resistance detected were those against tetracycline and streptomycin (both 84.2%), followed by those against enrofloxacin (71.3%), ampicillin (67.3%), SXT (37.6%), gentamicin (26.7%), and chloramphenicol (15.8%) ( Table 2 ). Significant increases or decreases in the levels of resistance to tetracycline, streptomycin, enrofloxacin, ampicillin, SXT, and chloramphenicol were found during the periods observed (P Ͻ 0.05) ( Table  2) . Remarkably, the frequency of MDR APEC strains evidencing resistance against at least three different classes of antibiotics increased from 60.0% in the period from 1985 Table 3 ). Nucleotide sequencing showed aadA1a in the 1,000-bp, dfrV-orfD in the 1,478-bp, dfrI-aadA1a or aadB-aadA1a in the 1,662-bp, dfrXVII-aadA5 in the 1,680-bp, and dfrXII-orfF-aadA2 in the 2,000-bp amplicon (Table 3) . aadA1a and aadA5, aadB, and dfr are associated with streptomycin, gentamicin, and trimethoprim resistance, respectively. The nucleotide sequences of aadA1a, dfrV-orfD, dfrI-aadA1a, aadB-aadA1a, dfrXVII-aadA5, and dfrXII-orfFaadA2 were similar to those of GenBank sequences with accession numbers AB188263, AM231806, AJ884723, AY139602, AY748452, and AB154407, respectively. Nucleotide changes suspected of being SNPs were then evaluated with regard to their frequency via BLAST searches (www.ncbi.nlm .nih.gov/BLAST/). The nucleotide sequences of aadA1a in the 1,000-bp and 1,662-bp amplicons differed slightly at codons 201 and 250: AAG (K) versus AGA (R) and GTC (V) versus GTT (V), respectively. Both corresponding codons at 201 and 250 were common, shared by significant numbers of aadA1 sequences registered in the GenBank database. Among the APEC isolates harboring dfrXVII-aadA5, one isolate evidenced a single-nucleotide mutation at codon 7 of dfrXVII, which resulted in an amino acid change from S (TCT) to P (CCT), and another isolate evidenced a silent mutation at codon 149 of aadA5, TCC (S) to TCA (S). However, both codon CCT in dfrXVII and codon TCA in aadA5 were rare, but TCT in dfrXVII and TCC in aadA5 were common, in the GenBank database. The dfrI-aadA1a array of gene cassettes, the prevalence of which increased steeply during the period from 2000 to 2005 (P ϭ 0.003 and P ϭ 0.007 for the comparisons of 2000 to 2005 with 1985 to 1988 and 1990 to 1999, respectively; P Ͻ 0.05 for both comparisons averaged), was the most prevalent (47.5%), and aadA1a was the second most frequently detected cassette (27.5%) ( Table 3 ). The oldest APEC strain, isolated in 1985, harbored aadA1a. One isolate harboring dfrXVII-aadA5 was found, unexpectedly, to be susceptible to both streptomycin and SXT.
Tetracycline resistance was not associated with the class 1 integron, and tetA and tetB were detected via PCR. tetA was detected in 40.0% and 42.9% of APEC isolates during 1985 to 1988 and 1990 to 1999, respectively, but its frequency during 2000 to 2005 increased steeply compared with both periods, to 78.4% (P ϭ 0.009 and P ϭ 0.001 for the comparisons of 2000 to 2005 with 1985 to 1988 and 1990 to 1999, respectively; P Ͻ 0.05 for both comparisons averaged) ( Table 4) . tetB was present in an average of 18.8% of APEC isolates, and its frequency remained relatively stable during the periods of observation (Table 4) . Isolates positive for both tetA and tetB (5.9%) and negative for both but still tetracycline resistant (5.0%) were observed (Table 4) . Therefore, the majority of tetracycline resistance in APEC isolates could be attributed to tetA and/or tetB (94.1% 80 ⁄85).
In an effort to investigate streptomycin resistance genes other than aadA, PCR directed to strA-strB was conducted. strA-strB was detected in 33.3% and 48.6% of isolates during 1985 to 1988 and 1990 to 1999, respectively, but its frequency increased steeply compared with both periods, to 84.3%, during 2000 to 2005 (P ϭ 0.000 and P ϭ 0.001 for the comparisons of 2000 to 2005 with 1985 to 1988 and 1990 to 1999, respectively; P Ͻ 0.05 for both comparisons averaged) ( Table 4) . Of the APEC isolates, 29.7%, 34.7%, and 8.9% harbored both aadA and strA-strB, strA-strB alone, and aadA alone, respectively, and 10.9% were negative for both but still streptomycin resistant (Table 4) . Therefore, 76.5% (65/85) of the streptomycin resistance in APEC isolates could be attributed to strAstrB.
Most of the enrofloxacin-resistant APEC isolates possessed mutations at residue 83 and/or residue 87 in the quinolone resistance-determining region of gyrA (88.9% 64 ⁄72) and at residue 80 in its analogue, parC (72.2% 52 ⁄72). Leucine and isoleucine replaced the serines at residue 83 in gyrA and residue 80 in parC, respectively, but various amino acids (asparagine, alanine, glycine, histidine, and tyrosine) replaced the aspartic acid at residue 87 in gyrA ( Table 5 ). The frequencies of the double mutations of gyrA and the single mutation of parC were significantly increased from the period 1990 to 1999 (28.6 and 38.1%, respectively) to the period 2000 to 2005 (85.1 and 91.5%, respectively) (P ϭ 0.000 and P Ͻ 0.05, respectively) ( Table 5) .
Most of the ampicillin resistance was associated with TEM. TEM was detected in 33.3% and 31.4% of APEC isolates during the periods 1985 to 1988 and 1990 to 1999, respectively, but its frequency during 2000 to 2005 increased, to 60.8%. The frequency during 2000 to 2005 was significantly higher than that in 1990 to 1999 (P ϭ 0.009) ( Table 4) .
Molecular characterization of common promoters of gene cassettes. Amplicons harboring weak P1 promoters were not digested by HincII but were digested by AluI, and amplicons harboring hybrid P1 promoters were not digested by either of the enzymes. Strong P1 promoters, digested only by HincII, were not detected among the APEC isolates assessed in this study. A 3-nucleotide insertion in P2 resulted in a gel shift, and the amplicons either were (P2 negative) or were not (P2 positive) digested by BsrgI. Therefore, 7, 22, and 11 isolates of APEC harbored hybrid, weak P1, and weak P1 plus P2 promoters, respectively (Table 3 ; Fig. 1, 3, and 4 ). All amplicons utilized in this promoter study were sequenced, and all of the nucleotide variations were verified.
DISCUSSION
The APEC antibiograms generated in the present study were similar to those of recent intestinal E. coli isolates obtained from poultry in Korea (18) . Tetracycline and streptomycin have been utilized for several decades, and resistance to these antibiotics has increased to more than 80% (3, 18, 37) . Streptomycin remains in regular use in Korea, and tetracycline is one of the antibiotics most frequently employed, primarily as a feed additive in the poultry industry. The average resistance of the APEC isolates during the periods observed was found to be approximately 80%, but resistance during the 2000-to-2005 period was in excess of 94%. Therefore, preventive and therapeutic effects on APEC strains should no longer be expected from these antibiotics. The relevant antibiograms differ from (18) . Therefore, the structures and prevalences of gene cassettes differed substantially among E. coli isolates. However, the structures and frequencies of the gene cassettes of APEC isolates from different countries were similar to each other (30, 35) . The high frequencies of aadA and dfr can be attributed to selection pressures exerted by streptomycin and trimethoprim, and this observation may be attributed to the frequent prophylactic use of streptomycin and trimethoprim in poultry farms.
SNPs can provide selective advantages to bacteria over the course of a single infection, epidemic spread, or the long-term evolution of virulence (32) . To be accepted as a SNP, a singlenucleotide mutation should be fairly common among compared genetic populations and should also be associated with the biological functions of the protein. One APEC isolate harboring aadB-aadA1a evidenced a single-nucleotide mutation, which resulted in the R201K amino acid change in aadA1a. This mutation was detected in other aadA1a sequences in GenBank (accession numbers AY046276, AY309066, AY602405, D1166553, DQ663487, and Y18050), but the biological effects of the mutation remain to be elucidated thoroughly. In addition, the nucleotide sequence difference at codon 250 of aadA1, GTC (V) versus GTT (V), results in no amino acid alteration, but GTC and GTT were selected preferentially by single-cassette (aadA1a) and two-cassette (aadB-aadA1a or dfrI-aadA1a) class 1 integrons, respectively. Our BLAST search revealed that GTC was also detectable in the oligocassette class 1 integrons in the GenBank database (AF550679, DQ522235, and DQ522239). The aadA1 cassette has spread throughout a variety of bacterial species over several decades (36) , and associated nucleotide changes are likely to occur. The distribution of different genotypes of aadA1 in different arrays of gene cassettes implies frequent exchanges of gene cassettes under conditions of antibiotic selection pressure and other environmental, metabolic, or physiological stressors. Therefore, the provisional SNPs observed in aadA1a allowed for a more delicate analysis of the evolution pathways of class 1 integrons, as well as the molecular differentiation of clinical isolates harboring the same gene cassette arrays.
The massive and long-term use of antibiotics for therapy and animal growth promotion in the livestock industry has selected for drug resistances (24) . In Korea, the resistance to tetracycline was the highest and increased significantly during the period from 2000 to 2005 over that in 1990 to 1999. In contrast to tetA, which confers resistance against tetracycline, oxytetracycline, and chlortetracycline, tetB provides additional resistance against doxycycline (8) . The relative prevalences of tetA and tetB differ according to the origins of E. coli strains, but tetA was more prevalent than tetB in Korea, as has also been reported in studies conducted in other countries (7, 21) . The steep increase in the proportion of E. coli strains encoding tetA during the period from 2000 to 2005 could be attributed to the continued utilization of chlorotetracycline and oxytetracycline as feed additives, as well as for prophylaxis. The relatively low frequency of tetB during the observation periods could be explained by a strong negative association between tetA and tetB, which was probably due to plasmid incompatibility (5, 17, 26) .
The frequency of APEC isolates positive for strA-strB only or for both aadA and strA-strB increased markedly during 2000 to 2005. The increase in the frequency of strA-strB and the acquisition of strA-strB in aadA-harboring APEC isolates reflect the selection of APEC strains harboring strA-strB. In contrast to aadA, the strA and strB genes have been suggested to confer high-level resistance to streptomycin, and E. coli strains positive for both evidenced the highest observed MICs (34) . The majority of streptomycin products in Korea are used on poultry, and antibiotic selection may be related to the increase in the frequency of strA-strB.
According to the results of a promoter study with a chlor- amphenicol acetyltransferase assay, the relative strengths of strong P1, weak P1 plus P2, and hybrid P1 to weak P1 promoters increased approximately 32-fold, 16-fold, and 3.5-fold, respectively (22) . Among the APEC isolates evaluated in the present study, strong P1 promoters were absent, but isolates positive for both P1 and P2 were detected at a percentage of 27.5% (11/40). The frequency of strA-strB in the weak P1-plus-P2-positive APEC isolates was 27.3% (3/11), but its frequency in weak P1-and hybrid P1-positive APEC isolates was 96.6% (28/29). All of the weak P1-plus-P2-positive APEC variants harbored the single cassette aadA1a, but others possessed more than two cassettes with streptomycin resistance genes, positioned distantly from the promoter. The expression level of a gene cassette is affected by its proximity to the common promoter (9) . Therefore, it appeared that the low level of expression of streptomycin resistance among APEC isolates resulted in the recruitment of the additional resistance genes strA-strB under conditions of streptomycin pressure. The antibiograms of the APEC isolates that harbored class 1 integrons were coincident with their gene cassettes, with the exception of one isolate. This isolate harbored hybrid P1 and was sensitive to streptomycin and SXT. In some cases, discordance of aadA with the antibiogram has been reported, and the influence of nonintegrated and nonexpressed gene cassettes has been suggested (21) . However, we detected a class 1 integron and were unable to detect any nonsense mutations, deletion, or insertion mutations resulting in stop codons within the coding regions of dfrXVII and aadA5. Therefore, mechanisms other than the nonintegration of the gene cassette into the class 1 integron may be involved in the silence of gene cassettes.
Resistance to quinolones in APEC is primarily related to mutations in gyrA (35, 37) , and double mutations of gyrA and additional mutations in parC produce higher levels of resistance (12, 35, 37) . The substitution S83L was most frequently observed among substitutions in the quinolone resistance-determining region of gyrA (87.5%), and strains with the substitutions S83L, D87N, and S80I were most frequent (41.7%) among quinolone-resistant APEC isolates, results similar to those of other reports (35, 37) . The frequencies of double mutations in gyrA and the single mutation in parC increased steeply during the period from 2000 to 2005; thus, quinolone resistance became a more serious problem with regard to quantity as well as quality. Most of the quinolone-resistant APEC strains possessed at least one mutation in gyrA and/or parC, but eight enrofloxacin-resistant strains (11.1%) in the present study showed no known mutations in gyrA or parC. Mutations of other genes, such as gyrB and parE, are also associated with quinolone resistance, but usually they are coincident with mutations of gyrA and/or parC (12, 35, 37) . In mutants of Salmonella enterica serovar Typhimurium, the expression level of the AcrAB efflux pump was strongly correlated with resistances to ciprofloxacin and a wide variety of compounds such as fusidic acid, chloramphenicol, tetracycline, norfloxacin, and penicillin (14, 29) . Seven out of the eight enrofloxacin-resistant strains showed intermediate resistance to chloramphenicol, and six without tetA or tetB were resistant or intermediately resistant to tetracycline. Therefore, further study of the association of the AcrAB efflux pump with enrofloxacin resistance in these strains is required. In conclusion, the frequencies of resistances to several antibiotics (tetracycline, streptomycin, enrofloxacin, ampicillin and SXT), relevant resistance genes (tetA, strA-strB, and TEM) and mutations in gyrA and parC, and MDR APEC strains have increased during the observation periods of this study. Studies of SNPs and promoter structure may prove beneficial for our knowledge of class 1 integron transmission, as well as for the evolution of and relationship between antibiotic resistances and genotypes.
